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Abstract
To make direct detection of planets like Proxima Centauri b possible, a
high contrast coronagraph with a low inner-working angle is needed.
With that in mind Por et al. designed the SCAR coronagraph. In SCAR
the starlight is nulled using a SCAR phase plate and a single mode
multicore fiber. In this thesis we describe the process of building a
spectrograph for this instrument. After a small trade-off study, we have
decided to build a prism spectrograph. Due to the proximity of the fibers,
resolution increases in spite of bandwidth. The ultimate design has a
resolution of 110 and a bandpass from 525 to 700 nm. The spectrograph
was set-up and tested using a laser and a broadband source. The design
induces a lot of crosstalk, therefore we used a special extraction method
for the spectra described by Bolton and Schlegel. This technique creates a
2D model of the data and extracts accordingly. Finally we have been been
able to retrieve spectra using this spectrograph and extraction method.
This is a proof of concept for both the SCAR and the spectrograph behind
it.
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1 | Introduction
1.1 Exoplanets
The search for exoplanets has witnessed a great rise since the discovery
of the first exoplanet in 1995 [1]. Especially with indirect techniques, such
as planet transits and radial velocity changes, thousands of planets have
been found [2]. The biggest challenge in the field is now to directly image
the planets. As can be seen in figure 1.1 our resolving power is sufficient
for the planets around the stars close to us such as Proxima B when we
use AO powered telescopes[3]. However, since most planets are a factor
of 10−7 (or worse) fainter than their host star, it will be completely ob-
scured by the Point Spread Function (PSF) of the star.
To make direct imaging possible, these AO powered telescopes have to
be combined with coronagraphs of sufficient contrast (Difference between
peak starlight before and after the coronograph). Aside from the contrast,
the other important parameter for coronagraphs is the Inner-Working An-
gle (IWA), which is the minimal angular separation at which the contrast
is achieved. The IWA is mostly given in λD . Most current coronagraphs
cannot get a high enough contrast or otherwise have an inner-working an-
gle (IWA) that is too big to directly image planets. Almost all optimization
is fixed on enlarging, respectively reducing, these qualities.[4]
Another big challenge is combining the High Contrast Imagers (HCIs)
as described above with a high-resolution spectrograph. Already we have
happily made use of current spectroscopic data of planets: atmospheres
have been crudely characterized and the first measurements of wind speeds
have been made [5]. The acquisition of high-resolution data opens the
window to a lot of useful and fruitful science[6].
1.2 Thesis outline
The process described in this thesis went as follows. First, there was a
study to the possible spectrographs and a comparison following the specs
needed for implementation with SCAR. After this trade-off study, we de-
signed a low-resolution prism spectrometer. When the design was com-
pleted, we made measurements of the multicore SCAR in broadband- and
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8 Introduction
Figure 1.1: The estimated contrast from known exoplanets is plotted against the
angular separation between them and their primary star. The logarithm of the
planet mass is depicted with the dot size, and the colorscale depicts their equilib-
rium temperature (adopting a common Bond albedo of 0.3). Vertical dashed lines
show respectively the diffraction limit, 2 λD and 3
λ
D thresholds for the 8.2-m VLT
at 750 nm (corresponding to the O2 A-band). Retrieved from [3]
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1.2 Thesis outline 9
laserlight and measured the quality and propagation of the dispersion.
SCAR has previously been tested and characterized with laserlight with
a single-core, single-mode fiber [7], but its broadband reaction is yet un-
explored, as well as everything surrounding the multi-core fiber. After
several years -and thus beyond the scope of this thesis- the goal is to di-
rectly observe a planet with an instrument based on the techniques first
explored by this instrument (or this instrument itself).
The underlying technology is explained in chapter 2 starting from coro-
nagraphs to optical fibers to ultimately SCAR itself. In chapter 3 the design
is showed, as well as the models that confirm it. At the end of chapter 3
is an explanation of the algorithm that will be used to analyze the data
from the spectrograph. The raw results and processed data are shown in
chapter 4, eventually ending in chapter 5 with the implications and some
remarks on the instrument.
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2 | Theoretical Outline
2.1 Coronagraphy
Figure 2.1: A Sketch of the working of the Lyot coronagraph. Retrieved from [8]
A coronagraph is an instrument which suppresses starlight, while ide-
ally not affecting everything surrounding the star. Important quantities
are contrast and the inner-working angle. The former depicts the differ-
ence between the original peak star flux before and after the coronagraph.
The latter depicts the minimal angular separation where this contrast is
achieved.
The first coronagraph was made in 1939 which consisted of a mask
in the focal plane obscuring the star and an aperture in the pupil plane
(a so-called Lyot-stop) obscuring residuals. This is still one of the most
used coronagraphic techniques because of its simplicity, although differ-
ent techniques with better nulling and smaller IWA are gaining in popu-
larity [4].
One of these new techniques to null starlight is by making use of in-
terference of light. By applying a pi phase-difference between two light-
waves, they will destructively interfere. This has opened up a new way
of coronagraphy, suppressing starlight far more efficiently than the clas-
sical Lyot coronagraph [9]. All coronagraphs described below follow this
principle.
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Figure 2.2: A Sketch of the working of the APP coronagraph. Retrieved from [8]
2.1.1 Apodizing Phase Plate (APP)
This coronagraphic technique is the main predecessor of the vector Apodiz-
ing Phase Plate (vAPP) that is described below. An APP consists of a Phase
Plate in the pupil plane that modifies incoming PSFs in such a way that
starlight is nulled, possibly rendering a planet visible. The Phase Plate is
a glass of high refractive index with a varying thickness. Because of this
varying thickness, a phase difference is induced in the light which will in-
terfere destructively. This phase difference (∆φ) is described in equation
2.1, where ∆x is the difference in thickness of the material, n the refractive
index and λ the wavelength of the light.
∆φ = 2pi
∆λ
λ
= 2pi(nplate − nsurrounding)∆xλ (2.1)
The phase plate is located in the pupil plane instead of the focal plane,
which causes all incoming PSFs to be affected exactly the same, without
making a distinction between host star, companion or background star.
The plate is designed by selecting a region of the PSF and calculating the
necessary phase pattern that will null this region out. The choice of the
region affects the quality of the null. Bigger regions will be nulled less
effectively, while small regions will have a very effective null. Almost
all shapes can be made this way, although the D-shaped pattern with ap-
proximately half of the PSF obscured is most common since the size of the
region versus the quality of the null is optimized [10] [11] [12].
A great advantage of this method is its low sensitivity to tip-tilt errors
or perfect alignment of the star and the center of the coronagraph (since
the whole image is modified and not only the center of the coronagraph).
Moreover, it only consists of one optic which simplifies implementation
12
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and alignment significantly [10]. However, one huge disadvantage of this
method is the important dependence on the wavelength for the phase dif-
ference and thus indirectly the nulling.
2.1.2 vector Apodizing Phase Plate (vAPP)
The vAPP is based on a similar principle as the APP. Only, instead of
changing the classical phase by differentiating the distance travelled through
a medium, it makes use of the geometrical phase difference. Geometrical
phase is the phase of circularly polarized light. Starlight is unpolarized
and can thus be split equally in two circularly polarized components with
opposite handedness.
The vAPP makes use of optics called retarders which consist of a crys-
tal with a refractive index dependent on the polarization of the light. These
materials have a fast-axis, which is the axis of polarization where the re-
fractive index is at its minimum. This is perpendicular to the slow-axis
which is where the refractive index is at its maximum. This way, a λ2 -plate
can be made, where the delay between fast-axis light and slow-axis light is
exactly half of a wavelength. When light with a linear polarisation rotated
an angle θ from the fast-axis passes through, it will be rotated even fur-
ther to an angle of 2θ. Circular polarisation will flip its handedness and it
will pick up a phase difference with the light with an opposite handedness
governed by equation 2.2.
∆φ = ±2θ (2.2)
The phase difference is now induced by the angle to the fast-axis in-
stead of the width of the optic. Since we can achromate the λ2 plates with
techniques described in [13], this technique does not have the achromatic-
ity of the APP [11] [12]. As with the APP, the electric field can be modified
in almost every shape.
2.1.3 Optical fibers
Optical fibers have seen multiple uses in astronomy. Especially in combi-
nation with spectrography, there have been multiple instruments designed
which made use of optical fibers [14]. The working of an optical fiber, also
known as waveguides, depends on total internal reflection on an inner sur-
face made from silica. When incident light is confronted with a medium
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(a) Picture of a bundle of backward illu-
minated fibers. Retrieved from [16]
(b) Schematic image of a fiber. The
cladding is glass with a higher refrac-
tion index than the glass of the core. Re-
trieved from [17]
with a different refractive index, the light will be partially reflected and
partially refracted. This refraction is governed by Snell’s law and from
this follows the existance of an angle of incidence where the refracted an-
gle is more than 90 degrees from the outward normal, known as the total
reflection angle [15].
All the light that is not absorbed by the outer cladding, will therefore
be reflected inside the fibercore, guiding the light through the fiber. The
fiber can even be bent and deformed (until breakage occurs, without heav-
ily affecting the output, because of its reliance on reflection. This means
that information can easily be transferred from one place to another with-
out significant losses. Shining the light with the right angle and correct
properties in the fiber is called coupling or injection [15].
There are two main kinds of Optical Fibers: Multi mode (MMF) and
single mode (SMF). In a MMF almost all modes of light can be coupled ef-
ficiently, provided that it has the right angle of incidence and wavelength
range. With SMF only one mode can be coupled efficiently (The Gaussian
mode). A mode is the radial profile a lightwave has from the center of the
spot outwards. These modes are mostly described with Hermite-Gaussian
modes, the simplest (zeroth order) is a profile following a 2D Gaussian dis-
tribution around the center of the beam [15]. The intensity of a Gaussian
beam in our calculations is described by 2.3 [18], where r is the radial dis-
tance from the center of the beam and ω is the so-called spotsize
I(r) = I0 · e
−2·r2
ω2 (2.3)
An important variable used for fibers is the Mode field diameter (MFD).
14
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This is the diameter of the beam where the intensity has fallen off to 1e2 of
its maximum. In a Gaussian beam with an intensity profile governed by
equation 2.3, this is equal to 2ω. The MFD is a factor
√
2
ln 2 larger than the
FWHM (point where the intensity is half of its maximum).
The optical fiber is created by warming up a glass block with the re-
quired holes and slowly stretching it to a length of around 100 meter un-
der a temperature of 2000 degrees Celsius [19].
2.1.4 SCAR
The SCAR coronagraph (Single mode Complex Amplitude Refinement) is
designed by Por et al. in 2017. It is based on a combination of a single
mode fiber array, a microlens array and a pupil-plane SCAR Phase plate
(PP). Incoming light is first modified by the PP as described in subsec-
tion 2.1.2 with one big difference described below. After this Phase Plate,
it will be focused using a lens on a microlens array. This microlens-array
focusses the light even further for it to couple in the fibercores, see figure
2.4.
In a regular vAPP coronagraph the intensity of the starlight on the lo-
cation of the planet will be suppressed by the PP using destructive inter-
ference. The SCAR phase plate, however, will not reduce the intensity
directly, it will only modify the electric field. Only after the single mode
fiber the nulling is visible. This is because the electric field inside a sin-
gle mode fiber is the weighted average of the coupled electric fields (with
the weight determined by the radial distance from the center). Therefore,
when the electric field is on average zero when coupled with the fiber,
there will be no outgoing intensity.
Finally, a higher contrast than with a single vAPP can be achieved by
making use of this single mode property in two ways. First, the PP does
not have to correct higher order modes, enabling a better nulling in the
Gaussian mode and reducing leakage of starlight to the image. Second,
the PP only has to average the electric field in the regions, instead of di-
rectly reducing the intensity which is less efficient.
The destructive coupling (coupling of an electric field that is zero on
average) can be done with a so-called first-order null or a second-order
Version of June 29, 2018– Created June 29, 2018 - 15:18
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Figure 2.4: A schematic drawing of the SCAR coronagraph. The incoming light
is first modified using a PP and then focussed by a lens on the microlenses. These
microlenses focus the light in the fibercores. Retrieved from [20]
null. The important property of the PSF here is that the first Airy ring has
a pi phase difference with both the Airy core and the second ring. The
first-order null consists of only interfering the first Airy ring with the sec-
ond ring. This method is extremely prone to be reduced in efficiency by
tip-tilt errors, since less coupling of the second ring means less destructive
interference and more leakage of starlight into the image.
The second-order null is created differently. Instead of using only the
second ring for interference with the first, both the core and the second
ring are used. Most of the Airy core of the PSF should be focussed on the
center fibercore, but a fraction on the directly surrounding fibercores to-
gether with the first Airy ring and a fraction of the second Airy ring. This
second order null is far less subject to small tip-tilt errors, since these er-
rors only shift the percentage of Airy-core versus Second Airy ring. This
percentage-shift would not influence the total null significantly.
The important function of the microlenses in this design is the correct
coupling of the PSF parts with the fibercores. To couple the second Airy
ring as well as part of the Airy core into the same fibercore would other-
wise be too much prone to aberrations and vibrations. It is impossible to
get the same coupling factors with external focussing.
This configuration creates a high-contrast (2− 3 · 104) around the star
with an IWA of approximately 1 λD , theoretically making the detection of
planets like Proxima b possible (as seen in figure 1.1) [7] [20]
2.2 Spectrographs
In this section different kinds of spectrographs and their use for implemen-
tation in the SCAR instrument is displayed. The first prerequisite is that
16
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Figure 2.5: Microlenses on the tip of the SMF. Imaged with a SEM with a 400
times magnification. Notice that there are 13x13 microlenses, this is purely to get
rid of edge effects. The outer lenses focus right in the cladding, while the inner
fibers all focus in a fibercore.
the throughput has to be as high as possible, since a planet should still be
detectable and not lost in the noise. The second requirement is that a suf-
ficient bandwidth is covered by the spectrograph (~200 nm) for upcoming
research. Third, the resolution (which is the ratio of used wavelength over
the distinguishable wavelength fraction λdλ ) does not necessarily have to
be high, everything above 60 would be enough.
Finally, we desire the capability to retrieve the spectrum from an image
quick enough. This is needed because eventually we would like to be able
to measure speckles in the system which are time dependent and variable
on a short timescale. Speckles are deformations of the wavefront of the
light due to the atmosphere or aberrations in the alignment. The so-called
Atmospheric coherence time is a good parameter to quantify the variation
timescale of the first kind of speckles. The Atmospheric coherence time is
given by equation 2.4 with r0 the Fried parameter and V0 the average wind
speed.
τ0 = 0.314
r0
V0
(2.4)
This coherence time was calculated for the Roque de los Muchachos on
the Canary Islands(a prime location of telescopes)to be on average 4.9 ms
[21]. The retrieval of the spectrum thus has to be done within half of this
time for it to be able to always give correct results.
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2.2.1 Prism
A prism spectrograph is the oldest known spectrograph. It makes use of
the wavelength dependent refraction of glass (or other transparent mate-
rial) to disperse the light. This dispersion occurs twice (on two sides of the
prism) and returns a spectrum at the end. Prisms have a high through-
put of approximately 95% making them ideal for low-resolution spectro-
graphs. The dispersion is generally not enough for high resolution with
most common CCD’s, but a resolution of ~100 is easily achieved. [22]
2.2.2 Gratings
Due to its wavelike nature, light will spread out when it hits a slit. When
there are multiple slits next to each other, the outcoming light of these slits
will interfere constructively according to mλ ' d sin θ and destructively
according to (m + 12)λ ' d sin θ. Here is m an integer called the "order"
and θ the angle of incidence onto the slits. This interference is wavelength
dependent and makes it a spectrograph. The light will be dispersed over
multiple orders which lowers the throughput significantly compared to
prism spectrographs. The resolution is determined by the order of the in-
spected diffraction (the m) and the number of slits in the grating. [22]
The same principle also holds with, instead of slits, a grooved reflec-
tive surface (a "blazed" grating or echelette). By making use of an echelette,
the number of order can be as high as ~100, enabling a resolution such as
115000 [22] [23].
2.2.3 Fabry-Perrot
A Fabry-Perrot spectrograph makes use of the workings of a cavity. A cav-
ity is made of two mirrors facing each other. If the distance of the mirror
is a multitude of the wavelength, it will interfere constructively inside the
cavity and ultimately get a throughput of ~99%. All the other wavelengths
will interfere destructively and thus won’t pass through. This creates an
extremely high resolution, but with a very narrow bandwidth. It would
be possible to change the distance of the two mirrors and scan different
wavelengths, but this requires making multiple images very fast while ac-
curately controlling the distances.
18
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To get the minimum resolution of 60, we would have to make 60 im-
ages in 2.45 ms which comes down to one image every 0.04 ms. This means
not enough integration time to clearly see something. [22]
2.2.4 Fourier transform
The Fourier Transform spectrograph is an adaptation of the Michelson in-
terferometer. The incoming beam is split by an ideal (50/50) beam-splitter
and reflected back by two mirrors. These reflections combine again at the
same beam-splitter and will transmit or reflect again. The beams will inter-
fere constructively or destructive depending on the relative path lengths
the light has to travel and the wavelength of the light. If a wavelength is
visible or not depends therefore on the separation of the arms. By chang-
ing this with a certain frequency, we can Fourier transform the resulting
datacube and retrieve the spectrum.
Most Fourier transform spectrographs have a high resolution, but they
all demand scanning in time to be able to transform it back to spectra. The
timeframe due to the atmosphere is too narrow to get correct and precise
measurements with this kind of spectrograph. [22]
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3 | Methods
3.1 Theoretical Setup
After the small trade-off study of above, we have decided to build a prism
spectrograph. This is based on the prerequisite of the applications that the
retrieval of the spectra has to be fast enough, which limits the possibilities
to a prism or a grating. Furthermore, since the throughput of the prism is
about 95% and the throughput of the grating is significantly less, we have
decided on a prism spectrograph. Below is a step for step explanation and
specification of the design displayed. To get an instant overview of the
set-up, please refer to figure 3.2. A full overview of the used components
can be find in table 3.1.
The fiber is made in Bath, England and its properties are described in
[24]. It has a MFD of ∼ 1.84µm, an outgoing numerical aperture of 0.22
and an average spacing between the cores of 10.53µm. The fiber is sent to
the Karlsruhe institute of Technology in Germany where they use direct
write two-photon lithography (inducing a chemical reaction with a highly
localised laser-focus to remove material)[25] to print the microlenslets on
one end of the fiber. It has already been shown that with this technique
these lenslets can achieve an effective coupling of up to 88% of incident
laserlight with the fibercores [26].
The design of the spectrograph starts with a microscope-objective (f =
20mm) that collimates the fiber-outcome, this was chosen since it has a nu-
merical aperture of 0.28 and will thus be able to collimate the beam that
comes out of the fiber without much aberrations. The collimated beam
will be refocussed by a lens of 150 mm focal length resulting in a 7.5 times
magnified focus, which enables the possibility of obscuring a single row
of fibercores by a wire of 100 µm. In this way, we can obscure the fibercore
containing the star, enabling longer exposure times without saturating the
CCD. After the refocus a 150 mm lens will collimate the beam again for it
to pass through the prism in the pupil plane.
The prism has an apex angle of 18 degrees (corresponding with its an-
gle of incidence) and is made from BK7 glass. BK7 has a refractive index
of 1.5163 and a refractive index change of dndλ = 0.03947µm
−1 at the config-
uration wavelength of 600 nm [27]. Using equation 3.1, the resolution can
be calculated.
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R =
λ
dλ
(3.1)
This can be rewritten using the diffraction limit dθ = λD and two more
components. The first being the differential of the angle to the refractive
index and the second being the differential of the refractive index to the
wavelength:
R = λ · dθ
dλ
· 1
dθ
= λ · dθ
dn
· dn
dλ
· 1
dθ
= D · dθ
dn
· dn
dλ
The diameter of the beam can be calculated by making use of the out-
going numerical aperture of the fiber and the magnification of the lenses.
D = 2 · NA · f1 · f3f2 (3.2)
To calculate dθdn , one starts off with the equation for the angle deviation
by the prism, graphically shown in figure 3.1. Here, e is the outgoing an-
gle of the beam with respect to the prism, n is the refractive index, i is the
angle of incidence and α the apex angle of the prism.
e = arcsin(n · sin(α− arcsin(sin i
n
))) (3.3)
By differentiating this equation with respect to the refractive index of
the prism, equation 3.4 is derived.
dθ
dn
=
sin(i) · cos(α− nsin(i))√
(1− sin2(i)n2 ) · n
+
sin(α− arcsin( sin(i)n )))√
1− n2 · sin2(α− arcsin( sin(i)n ))
(3.4)
The rewriting was necessary to be able to make use of readily available
properties of the prism and light in determining the resolution.
After being dispersed by the prism, all the light will be focussed using
a 500 mm lens resulting in an additional magnification of 313 on the CCD.
22
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Figure 3.1: A beam coming in from the left of the prism with angle to normal i is
refracted due to Snell’s law to exit with an angle to normal e. The apex angle is α
and the refractive index of the material is n.
The total magnification is a factor 25, enlarging the MFD to 46µm. Since
the pixelsize of the CCD is 16µm, the Nyquist criterium is abided.
Using the focal length of the last lens and the total magnification of the
system, the bandwidth (∆λ) can be calculated using the following equa-
tion:
∆λ =
∆θ
dθ
dn · dndλ
(3.5)
Where ∆θ is the maximal angular separation of the fibers. This maxi-
mal spatial separation is calculated as follows:
∆x =
d ·M
sin(ξ)
(3.6)
with ξ the best rotation angle of the fibers, M the magnification and d
the distance between adjacent fibercores in the fiber. To convert this to an
angular separation, the focal length of the last lens should be used:
∆θ = arctan(
∆x
f
) (3.7)
After plugging in all parameters of the used prism and lenses, we ex-
pect a resolution of ~110 and a bandwidth of 200 nm. Two filters in the
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Table 3.1: A table showing the specifics of all components, useful for reproduc-
tion
Designation Seller Component Spec Part number
L1 Edmund Optics Mitutoyo Plan APO f = 20mm #46-144
Infinitely corrected Long WD Objective
L2/L3 ThorLabs Unmounted Positive Achromatic Doublets f=150mm AC254-150-A
L4 ThorLabs Unmounted Positive Achromatic Doublets f = 500mm AC254-500-A
Prism ThorLabs Round Wedge Prism AR coating 350-700 nm PS814-A
F1 Edmund Optics High Performance OD4 Longpass Filter 525 nm cut-off 25 mm Diameter #84-744
F2 Edmund Optics High Performance OD4 Shortpass Filter 700 nm cut-off 25 mm Diameter #84-714
Figure 3.2: A schematic representation of the design. L1 to L4 are the lenses, M1
is a mirror and F1 and F2 are the filters. The image is not to scale
collimated beam between lens 2 and the prism should make sure that no
overlap between spectra occurs when the dispersion happens under the
correct angle. These filters create a bandpass between 700 nm and 525 nm
(see figure 3.4). The total set-up is 1.64 meters long and consequently has
to be folded with extra mirrors to fit on the table.
3.1.1 Models
We ran this set-up through Zemax and got a sufficient separation and res-
olution for the calculated bandwidth as can be seen in figure 3.5. All used
wavelengths should render a clear image and the dispersed light from one
fiber shouldn’t overlap with the one next to it.
24
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Figure 3.3: The design as envisioned in Zemax. It reads off from left to right with
Fiber, Lens 1, Lens 2, Slit, Lens 3, Prism, Lens 4, CCD.
(a) Shortpass filter of 700 nm (b) Longpass filter of 525 nm
Figure 3.4: The transmission plots of the used filters. On the x-axis is the wave-
length and on the y-axis the transmission. Retrieved from [28] and [29].
3.1.2 Rotation
If the dispersion would be directly to the right, the bandwidth that can
be achieved would be far from optimal. To optimize the bandwidth, the
fibers would have to be dispersed under an angle. This angle has been
calculated using a python simulation. In this simulation, the fibercores are
dispersed until they overlap with another fiber. An overlap is a separation
of less than one MFD between two fibercores. From this simulation, the
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Figure 3.5: The design modelled in Zemax. On top are the outer spots of two
fibercores next to each other with the airy ring (black ring) on respective the
left/right fiber outer spot. These spots lay more than λD apart, making them dis-
tinguishable. The spotsize is dependent on the wavelength, causing the 500 nm
to be much larger than the 675 nm spot. Down left is the spotdiagram of 11 fiber-
cores, notice that they all fall in the airy radius indicating a diffraction limited
image. Downright is the wavefront error due to the optics plotted against the
wavelength, where the displayed black line depicts the diffraction limit. Since
the wavefront-error is under the diffraction limit for all wavelengths, this will not
affect the image.
26
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Figure 3.6: This figure shows a validation of the resolution we calculated. The
dots differ in color by the calculated dλ which spatially separates them by λD
(black circle)
optimal rotation is calculated to be 9.86 degrees and displayed in figure
3.7.
3.2 Planned Measurements
To test the complete working of the system, first the fiber and all elements
of the spectrograph have to be aligned using a laser uniformly illuminat-
ing all fibercores. After alignment, an image using this uniform laser input
can be made. From this image the brightness of all individual fibercores
can be measured, as well as the FWHM and the average core separation.
The next step is uniformly illuminating all fibercores using a broad-
band source. This will prove if it is possible to extract a spectrum for each
fibercore and whether the design performs as expected. Two important
properties are the overlap of the spectra and the crosstalk. The crosstalk is
how much signal of one core will interfere with the one directly adjacent
to it. When the crosstalk is high, the individual spectra are harder to dis-
tinguish and it cannot be determined whether light in between the spectra
belongs to one or another. If the crosstalk is too high, an individual spec-
trum cannot be extracted.
After we have the spectra from the broadband source, a line lamp or
multiple lasers can be used to find the wavelength solution. This solu-
tion is necessary since there is no linear relation between wavelength and
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Figure 3.7: The simulated light from 121 fibercores after having been dispersed at
a 9.86 degree angle until overlap with the next fiber.
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dispersion. This non-linearity is caused by a higher order wavelength de-
pendence in the refractive index of the prism and in dθdn .
After these measurements, the next step is to integrate the system with
the SCAR Phase Plate and an adaptive optics system and measure the dif-
ference in throughput and the quality of the nulling due to the fiber.
3.3 Spectrum extraction
Going from the CCD image towards a spectrum for each individual core
requires a special extraction method. From each fibercore a 2D Gaussian is
expected to come out when the source behind it is a laser. Each wavelength
will have this pattern of 121 2D Gaussians, only spatially shifted since the
angle of refraction is different in the prism. When a broadband source is
used all the Gaussian patterns will overlap, resulting in a continuous bar
of light.
3.3.1 Basic reduction of raw data
The usual reduction starts off by removing a dark (K) from the raw data
(C). A dark is an image taken with the shutter closed and the same exposure-
time as the original image, to reduce noise multiple darks are averaged to
one ultimate dark. After this, the camera’s sensitivity is divided out by
use of a flat (F). This flat is an image of the same exposure time of an uni-
form light source of the CCD (such as twilight or the inside of the dome
shone upon with an incandescent lamp). From the flat we also first sub-
tract the dark and stack multiple flats into one. The last step is removing
the Sky (S), which is a weighted average of the reduced image with an ex-
clusion from the source and clear flaws. In this way the reduced image (R)
is retrieved. [30]
D =
C− K
F
(3.8)
S = FIT(D) (3.9)
R = D− S (3.10)
(3.11)
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3.3.2 Basic Extraction
The classical method of extracting a spectrograph is expertly described in
[30]. The most simple extraction method consists of first reducing the data
as described above, neglecting all pixels seemingly hit by cosmic rays or
malfunctioning significantly. After reduction, all pixels concerning one
spectrum are added in the direction perpendicular to the dispersion direc-
tion (so-called spatial direction).
An optimization of this method also corrects for the noisy pixels, cos-
mic ray hits or sudden malfunctioning. This method reduces the statisti-
cal error while preserving the photometric accuracy. This is done by as-
signing a weight to all pixels determined by its variance and mean value.
Thus pixels which are faint but rapidly varying will be given less weight
than bright constant pixels. Furthermore, cosmic ray hits are detected by
looking at how much the spatial profile (profile perpendicular to the spec-
tral profile) deviates from a model of the spatial profile. By giving a new
weight to all pixels, a new variance will be detected for all pixels. To get
rid of introduced biases, this working method has to be iterated until it
converges for each pixel [30].
However, these methods have one big disadvantage for the spectra
from the SCAR-spectrograph. The spectrograph is designed to have as
much bandwidth as possible for its resolution. This means that the crosstalk
between the spectra is extremely significant. In the aforementioned paper,
spatial profiles of five pixels is mentioned in one of the examples, but in
the SCAR-spectra already half of the pixelcounts are due to the adjacent
spectrum at this spatial distance. The spectrograph is simply too aggres-
sively designed for the methods of above to be feasible. That is why there
will be made use of a different spectral extraction method.
3.3.3 Position determination
The most important step to retrieve a spectrum that can be trusted is a
correct determination of all the locations of all the fibercores. All the mea-
surable cores are found by looking at where there is a steep reduction in
light on the right side, since this indicates cut-off by the filters.
These starting points are refined by looking at the brightest pixel in
its neighbourhood. Starting from this starting position two methods are
30
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(a) Simulated spectrum (b) Working of the Algorithms on the slice
Figure 3.8: A simulation of one spectrum with its centrum found with PeakUtils
and the Least-squares fit. The left plot is a cut-out along the line in the right image
used to retrieve the tracks of the spectra. First, using the python package
PeakUtils, an 1D Gaussian is fitted vertically over the spectrum. PeakUtils
gives a pixel value of the centers of the fitted Gaussians and a subpixel
determination of the centers using interpolation. The second method is
a linear least squares fit of multiple Gaussians with the pixel-values of
PeakUtils as a first estimate. This is repeated sideways over the whole
spectrum, mapping all the spectra on a subpixel-level. See figure 3.8 for a
simulation of these methods.
3.3.4 Linear Algebraic Extraction
Instead of the basic method of above, a linear algebraic extraction will be
used. This method is described in [31]. The spectrum of a single fibercore
in the detector plane can be expressed as a sum over all wavelengths of
the corresponding Gaussian PSFs. This summation is a linear operation
which means that a matrix can be constructed that transforms an ampli-
tude profile directly into an detector-image (unraveled to a 1-D vector) see
equation 3.12.
p = Mf + n (3.12)
Here p is the 1D unraveled version of the original image, f is the am-
plitude profile (the spectrum itself) and n is the noise vector, which is
assumed to be zero. M is a matrix containing all the Gaussians for all
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fibercores that we would like to retrieve. For one fibercore all the corre-
sponding wavelengths should have the same amplitude to get an unbi-
ased spectrum. Ideally, the FWHM of the Gaussian should increase with
wavelength to come closer to reality, but this is beyond the scope of this
thesis and can only be done when one has the wavelength solution.
To create M an image is created containing only the Gaussian of one
fibercore and one wavelength, this 2D-array is reshaped to a 1D vector by
adding all the columns after one another. The next wavelength is treated
in a similar way and added after the previous one etc., creating a 2D array
for one fibercore. The next fibercore is dissected the same and afterwards
all cores will be put under each other in a huge, largely sparse, 2D array.
See figure 3.9 for a visualization.
This array has to be inverted, which is computationally the hardest
part. The matrix is mxn matrix, thus inversion can only be done with
a so-called pseudo-inverse[32]. To do this, a single value decomposition
algorithm is used (scipy.sparse.linalg.svds). This algorithm factorizes the
matrix in the following way:
M = UΣV∗ (3.13)
Here U is a unitary mxm matrix (its inverse is the same as its conjugate
transpose [32]) containing all left singular vectors (eigenvectors of MM∗)
as columns. V∗ is the conjugate transpose of V, which is a unitary nxn
matrix containing all the right singular vectors (eigenvectors of M∗M). Σ is
a diagonal mxn matrix containing square roots of all non-zero eigenvalues
of M∗M or MM∗.
To get the pseudoinverse (Moore-Penrose inverse):
M+ = VΣ+U∗ (3.14)
where Σ+ is ideally created by replacing every diagonal non-zero ele-
ment of Σ by one over this element and then conjugate transposing. How-
ever, since we expect to find mostly noise in the wings of the Gaussians, a
quadratic regularisation is introduced. Instead of using the simple multi-
placated inverse of each element in Σ+ each element σi is replaced by:
σi → σi
σ2i + α
2
(3.15)
with α = max(σ) ∗ rcond the regularisation factor. This factor makes
sure that all low values of σ are slowly flattened out, reducing their im-
32
Version of June 29, 2018– Created June 29, 2018 - 15:18
3.3 Spectrum extraction 33
Figure 3.9: A schematic explanation of the creation of the matrix M, containing
two fibercores dispersed over three spectral bins. The Gaussians are first unrav-
eled and then added.
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pact when inverted.
To eventually retrieve the amplitude profile, equation 3.16 is used.
f = (M+)∗p (3.16)
There are two main factors which have to be optimized. First is rcond,
which determines the weight of the regularisation. Second is how far the
Gaussians will be put apart in the matrix M. The second is important be-
cause if the Gaussians overlap with one another, the resulting amplitude
profile doesn’t correspond with the actual intensity in that wavelength.
But if the Gaussians are put apart too much, some information will not be
used.
3.4 Testing of integrated set-up
After the spectrograph has been tested and its properties verified, the same
will be done for the whole instrument. First, laserlight will go through an
AO-system (in this thesis LEXI is used[33]). After which it will go through
an APP which should null all fibercores surrounding one on which is fo-
cussed. After the APP, the light goes through the fibercores and the spec-
trograph.
By measuring the PSF before it enters the fiber and afterwards, the null
can be measured. The light doesn’t couple as well to some fibercores as
to others, for which a correction has to be done based on the uniformly
illuminated data.
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4.1 Laser focus
The set-up has been aligned using a 633 nm laser uniformly over all fiber-
cores. This results in the raw image as seen in figure 4.2. When looking
at the images, one can observe that several fibercores are missing. The
average FWHM detected is 58± 8µm which corresponds with a MFD of
99± 14µm. Which is more than double than the expected 46µm. However,
the average distance between the fibercores in the image is 259 ± 21µm
which was expected (10.53 ∗ 25 = 263).
4.2 Gaussian fitting of the Spectrum
In figure 4.2 an image of the spectrum is displayed on the left, on the right
a fit is added of the tracks of the spectrum. Notice the overlap between the
fibercores at the end (respectively beginning) and the crosstalk between
them. The ideal rotation angle as described above has proven to be im-
possible, due to the crosstalk. The closest rotating angle was about ~17,5
degrees. This is almost double the calculated angle, which explains the
overlap of the fibercores (the filters were designed for a longer spectrum).
As was described in the methods, the next important step was to fit
the spectra. The fit is done using the linear least squares method. This
was needed since the PeakUtils method fitted only a single Gaussian in
each slice, which was insufficient to deal with the crosstalk as can be seen
in 4.3. When the spectra are clearly distinguishable, all methods work
equally well (4.3a). However, when the crosstalk becomes significant the
interpolated single Gaussian fit quickly degenerates.
The least squares fitting takes more than 10 times as long as the PeakU-
tils method, but when the spectra tracks are finally fitted they should re-
main stable while only the amplitude changes.
4.3 Spectrum retrieval
After the spectra tracks have been located and the FWHM is retrieved from
the laser image, the matrix needed for the linear algebraic extraction can
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Figure 4.1: An intensity-image after all elements have been focussed. The
crosshairs in the top-right image depict where the centers are fitted on a sub-
pixel level. The two images below depict two different spots, to show how well
the centers can be found. The intensity is given in A.D.U.
Figure 4.2: The spectrum images. In the right image the fitted tracks of the spectra
is displayed. Some couldn’t be fitted due to too much overlap and some are cut-
off because it began to fit different parts of the image
36
Version of June 29, 2018– Created June 29, 2018 - 15:18
4.3 Spectrum retrieval 37
(a) Two distinguishable Gaussians
(b) Three Gaussians, one of which is faint
Figure 4.3: Two different cross-sections in the y-direction of the spectra. The
green dashed line is a single Gaussian fit without interpolation. The red dotted
line is a single Gaussian fit with interpolation and the blue line dash-dotted line
is a Multi-Gaussian fit using linear least squares.
Version of June 29, 2018– Created June 29, 2018 - 15:18
37
38 Results
be created and inverted. If we subtract the reconstructed image from the
original data and analyze the residuals we see that the residuals squared
fall off asymptotically with the condition parameter. However, when the
fitted tracks do not follow the spectra perfectly, a too low condition pa-
rameter induces a sinusoidal pattern in the retrieved amplitude profile.
Furthermore, there is the question of the spacing between the Gaus-
sians. When they are fitted one FWHM next to each other, the recon-
structed image becomes pixelated and the parts in between are not fitted
as well as the parts where the Gaussian centers are. However, when the
Gaussians are put closer together they will overlap and the retrieved am-
plitude profile reduces. For instance, see figure 4.4, when the Gaussians
are separated one FWHM, there is a systematic overfitting (negative val-
ues regularly spaced), but when they are half a FWHM apart, the ampli-
tude halves.
4.4 Integrating with LEXI
The creation of the clean PSF with the APP and the LEXI-instrument went
quite well. However, when this was focussed on the fiber some problems
arose. In the first run, we were not able to retrieve a clean PSF out of the
fiber although the coupling seemed to be correct. Due to this, there was
no way to measure the nulling of the system.
This nulling would have been another big challenge since the microlens
array had been designed to couple with the output from the APP under
a specific rotation. This rotation influenced the coupling tremendously,
because it had to be correct within a tenth of a degree for the outer mi-
crolenses and within a degree for the inner lenslets. Since the orientation
of the lenslets was not yet measurable, it was not possible to get this rota-
tion correct.
38
Version of June 29, 2018– Created June 29, 2018 - 15:18
4.4 Integrating with LEXI 39
(a) one FWHM apart
(b) FWHM2 apart
(c) FWHM6 apart
(d) one FWHM apart (e) FWHM2 apart (f)
FWHM
6 apart
Figure 4.4: Three fits of the same spectra with each a different spacing between
adjacent Gaussians in the matrix. The lineplots depict the amplitude profile, the
images are from left to right the original image, the reconstructed spectrum and
the resulting residuals.
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Figure 4.5: The amplitude profile and residuals of one spectrum, after being fitted
with 6 Gaussians per FWHM with different regularisation values. The colorbar
depicts A.D.U.
Figure 4.6: A sum of all residuals squared after a fit with 6 Gaussians per FWHM
40
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clusion
5.1 set-up
After the alignment was completed, the first thing that caught the eye was
the absence of some fibercores. This is believed to have two causes. First
and foremost it could be the result of internal stresses and forces. Sec-
ondary to the primary reason, some imperfections could come from dam-
ages in mounting the bare fiber.
The fiber itself is big and complexly structured. This means that the
polymers are under a lot of stress and experience much tension. When
the microlenses are printed onto the fiber they will be affected by this as
well. When the lenslets are put directly next to each other the stress from
the fiber can influence the lenses and deform the array. The result of this
is clearly visible in figure 5.1. When the microlenses are directly attached
to each other, the resulting image is distorted and partly out of focus. But
when they are attached indirectly with a sort of grid the image is much
more clear. This second printed-upon fiber will be used for future mea-
surements, because of its superiority.
The second cause for the varying intensity could be damages to the
fiber. The fiber had to be carefully placed in a bare fibermount, whose
working procedure demands the fiber to be cleaved afterwards to remove
all damages done to the tip during mounting. According to the researcher
who had printed the microlens array and the researchers who had created
the fiber, this cleaving was extremely hard to do without the right tools
and in-house knowledge. Thus we refrained from this cleaving, leaving
the tip imperfect.
The second unexpected result was the factor two difference between
the expected and the measured FWHM of the Gaussians and the spectra.
This is believed to be mainly due to three factors: Residual aberrations,
a too aggressive design and a difference in NA from the fiber. The first
explanation would be a mistake in the magnification due to wrong posi-
tioning of the lenses, or a flaw in the design thereof. However, when we
examined the gridspacing the magnification seemed to be as expected. A
possible explanation could be that the focus was still off somehow, since
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Figure 5.1: On the left is the output of the laser after the fiber with the microlenses
printed upon it as displayed on the right image. There is a much more uniform
and in-focus image when the lenslets are separated instead of attached.
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there still seemed to be some residual aberrations such as astigmatism.
The alignment of the microscope objective in combination with the fiber
could have induced these kinds of aberrations easily.
Furthermore, there is the aggressiveness with which the spectrograph
was designed. The design was made with the assumption that when the
fibercores are spaced one MFD, they can be distinguished and measured.
In practice this proved to be difficult; since there was a slight irregular-
ity in the spacing of the fibercores, a MFD-separation for most two cores
meant an overlap for some other two, which would mean an immediate
loss of half the information.
Finally, the images in figure 5.1 suggest that the outgoing NA and MFD
are not the same over the whole array and not what we expected. If this
difference is too big, the microscope objective can fall short in its NA, dis-
abling it to create a correct focus.
It is to be expected that a big improvement will be seen if the fiber is
changed with the second fiber and the whole set-up is correctly re-aligned.
5.2 Extraction
The extraction seems to go relatively well, but there are still some hurdles
to overcome. Although the position determination, creation of the matrix
M and inversion go slow, it only has to be done once. After this, the only
operation to retrieve the new amplitude profile is a matrix multiplication
with the new data. However, the process of finding the spectra tracks can
still be speeded up, as well as improved. The linear least-squares fit still
wanders off the track sometimes to a brighter spectrum or is stopped pre-
maturely due to a misfit. By inducing some extra constraints this process
might be improved, while accessing more spectral information at the same
time. In creating the matrix, one could also make use of known informa-
tion such as relative intensities of the fibercores and the FWHM.
5.3 Integration with LEXI
Although the first trial set-up did not couple effectively, there is still a lot of
room for improvement. When the correct orientation is found, we expect
Version of June 29, 2018– Created June 29, 2018 - 15:18
43
44 Discussion and Conclusion
to see a lot more and hopefully retrieve more information on the effective
nulling of the system.
5.4 Future application: Active Speckle nulling
Speckles are the deformations of the linear wavefront as created from the
star. There are two kinds of speckles: The first kind is created in the at-
mosphere by refraction and other effects such as scattering. These will be
mostly nulled by the Adaptive Optic system (AO system), but this is not
a perfect correction. The second originates from misalignments, unsta-
ble conditions and other errors in the optical system after the AO system.
These are called non-common path errors or ghosts. Speckles represent
the main problem with observing with earth-telescopes. To be able to pro-
duce science, one has to exert some form of speckle nulling (the removal
of these atmospheric residues and non-common path errors). This is usu-
ally done with the use of a Deformable Mirror in an AO system [34] and
post-processing of the data.
An useful characteristic of speckles for further research is their wave-
length dependence. The atmosphere and optical system deform different
wavelengths in different ways, thus the nulling could be very successful
in one wavelength range, but have flaws in another. By making use of the
spectrograph, we can measure these dependencies and adjust accordingly.
Thus creating an active speckle control loop with the science data and the
DM.
5.5 Next steps
For the spectrograph, the next important step would be to get a wave-
length solution using multiple Lasers or an atomic line-lamp. Then a con-
version of A.D.U. to actual photon count would be desirable. When the
spectrograph has been successfully calibrated, a full integration with LEXI
would be next. If the effective nulling of the set-up is measured, a definite
proof of concept is finalised. If these measurements shows a significant
improvement in the null, the first on-sky test can be done.
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